arge, randomized controlled trials have demonstrated the benefits of medical therapies that target blood pressure 1 and dyslipidemia. 2 Despite the widespread use of these agents, atherosclerotic cardiovascular disease remains a major public health challenge worldwide. The overall prevalence of disease continues to rise in parallel with the global spread of abdominal obesity. Furthermore, many patients continue to experience clinical events despite the use of established therapies. 3 This ongoing disease risk presents a considerable challenge in terms of the need to develop more effective forms of risk prediction and preventive therapies. With technological advances in atherosclerotic plaque imaging, there is increasing interest in the role it might play in achieving more effective reductions in cardiovascular risk.
Traditional Approach to Plaque Imaging
Since its inception in 1958, coronary angiography (CAG) has been widely used to diagnose and quantify the extent of obstructive disease within the coronary arteries. This has guided a range of medical and revascularization strategies, largely on the basis of observations of a relationship between the extent of angiographic disease and the incidence of adverse cardiovascular events. 4 Serial CAG has also been used in clinical trials to evaluate the effect of medical therapies on the progression of obstructive disease. 5 However, there are several limitations to the relationship between angiographic findings and atherosclerotic disease. A number of groups have reported that the ability of CAG to predict outcomes at a focal level is limited, with many patients found to have mildly stenotic culprit lesions at the time of an episode of acute coronary syndrome (ACS). 6 Furthermore, it has become increasingly apparent that CAG generates a 2-D silhouette of the arterial lumen and does not image the vessel wall, the site at which plaque accumulates. In other words, CAG does not directly image plaque; rather, it visualizes the obstructive complications of the disease. Such observations have stimulated the need to develop imaging modalities that directly visualize plaque in the vessel wall.
Intravascular Ultrasound (IVUS)
Initially conceptualized in the 1970 s, IVUS enables catheter placement of high-frequency ultrasound transducers within the coronary artery lumen. Being able to perform high-frequency ultrasonography in close proximity to the artery wall generates high-resolution cross-sectional images of the full thickness of the vessel. Enthusiasm for this approach was stimulated by interest in its ability to guide more optimal percutaneous coronary interventions. In parallel, it was appreciated that the ability to image the entire artery wall permitted quantitation of the burden of atherosclerotic plaque contained within. Investigations revealed the presence of far more extensive atheroma than suggested by CAG, 7 and the early prevalence of coronary atherosclerosis in adolescence, 8 and confirmed observations from pathology studies of compensatory remodeling of the artery wall in response to plaque accumulation 9 ( Figure 1 ). The ability to image anatomically matched arterial segments at different time points also provided the opportunity to more precisely evaluate the effect of medical therapies on disease progression. This led to a large number of clinical trials that have primarily investigated the effect of targeting major cardiovascular risk factors on atherosclerotic disease burden.
that LDL-C lowering is associated with less progression of obstructive disease. 5 Coronary IVUS imaging has been used to extend these observations further, particularly in the setting of use of high-intensity statin therapy. The REVERSAL (Reversal of Atherosclerosis with Aggressive Lipid Lowering) study 10 directly compared the effects of moderate lipid-lowering with pravastatin 40 mg and intensive lipid-lowering with atorvastatin 80 mg for 18 months. Achieving a lower LDL-C level with atorvastatin (79 vs. 110 mg/dl) was associated with halting the progression of coronary atherosclerosis. Although a direct relationship was demonstrated between the degree of LDL-C lowering and slowing of disease progression, it was also reported that lowering the inflammatory biomarker, Creactive protein (CRP), was independently associated with slower disease progression. 11 These findings affirmed the benefits of aggressive lipid-lowering, but also the potential pleiotropic effects, with high-intensity statin therapy.
Supporting data for the benefits of statin therapy on coronary plaque progression have been provided by a demonstration of the benefits of simvastatin in a Danish cohort 12 and in a number of important studies from Japan. 13, 14 In fact, the studies in Japan typically reveal disease regression in a much shorter time frame, when focusing primarily on the shorter, higher disease burden, culprit lesions of patients with ACS. Although these findings suggest that the potential benefits of statin therapy in patients with ACS may occur relatively quickly, the relative linearity of these benefits has not been demonstrated because of the inability to conduct invasive imaging of patients on more than 2 occasions.
This relationship was further explored in the ASTEROID (A Study To evaluate the Effect of Rosuvastatin On Intravascular ultrasound-Derived coronary atheroma burden) study, 15 in which patients were treated with rosuvastatin 40 mg for 24 months. Lowering LDL-C to 61 mg/dl and raising high-density lipoprotein cholesterol (HDL-C) to 49 mg/dl was associated with regression of coronary atherosclerosis. A subsequent pooled analysis of 1,455 statin-treated patients demonstrated that both LDL-C lowering and modest HDL-C raising were independent predictors of the ability of statins to slow disease progression. 16 In fact, the finding that lowering the ratio of apolipoprotein B/A-I was the strongest predictor of benefit in these studies 16 affirms the pivotal role played by lipoprotein particles in atherogenesis and supports the need to therapeutically target both atherogenic and protective lipid particles.
On the basis of these findings, SATURN (Study of Coronary Atheroma by Intravascular Ultrasound: Effect of Rosuvastatin versus Atorvastatin) 17 was performed to directly compare the effects of atorvastatin 80 mg and rosuvastatin 40 mg for 24 months, in order to determine whether different lipid profiles with high-intensity statin regimens influenced the progression of coronary atherosclerosis. Achieving low levels of LDL-C (62 vs. 70 mg/dl) and more optimal levels of HDL-C (48 vs. 50 mg/dl) with rosuvastatin and atorvastatin, respectively, was associated with marked regression of coronary atherosclerosis. In addition to the observation of a greater magnitude of regression than in previous studies, it was also reported that two-thirds of individual patients demonstrated regression with these therapies. These studies provide further evidence for the benefits of high-intensity statin therapy in patients with established coronary artery disease. The finding that in many individuals the disease continue to progress, despite achieving low levels of LDL-C, highlights the multifactorial nature of atherosclerosis and the need to target patients' global risk. 18 Figure 1. Examples of intravascular ultrasound imaging of atherosclerotic plaque in a region that appears to be free of obstructive disease on coronary angiography (Left). Plaque (yellow), lumen (red) and catheter (black) imaging within each ultrasound image (Right) are delineated.
A large body of evidence suggests that HDL may play a protective role in atherosclerosis. Population studies consistently demonstrate an inverse relationship between HDL-C levels and prospective cardiovascular risk. 19 This association continues to be demonstrated in patients with very low LDL-C levels. 20 Promoting HDL via direct infusion or transgenic expression of its major proteins has a favorable effect on the size and composition of atherosclerotic lesions in animal models. [21] [22] [23] [24] [25] [26] [27] The finding that modest increases in HDL-C independently predict the ability of statins to slow plaque progression 16 complements similar findings from clinical event studies. 28, 29 These observations provide the rationale for the development of HDL targeted therapies as a potential new strategy for patients with coronary disease.
Three clinical studies have demonstrated the potential benefits of infusing HDL in humans. In the first of these studies, patients with ACS underwent IVUS imaging at baseline and following 5 weeks of treatment with intravenous infusions of reconstituted HDL containing apoA-IMilano (AIM) or saline. 30 Patients receiving the AIM infusions demonstrated rapid regression of coronary atherosclerosis. These benefits were observed, without any change in lumen size, suggesting that they would not have been detected by angiographic evaluation and supporting the concept that regression is accompanied by reverse remodeling of the artery wall. 31 Similar findings have been reported from studies that evaluated the effect of infusing HDL particles containing wild-type apoA-I 32 or autologous preparations of delipidated HDL. 33 In total, these findings support the concept that delipidated HDL promotes rapid cholesterol efflux 34 and improved endothelial function. 35, 36 The therapeutic potential of any of these strategies awaits further evaluation in phase 3 clinical trials.
Increasing interest in the ability to substantially raise HDL-C levels has focused primarily on the development of cholesteryl ester transfer protein (CETP) inhibitors. CETP facilitates the transfer of esterified cholesterol from HDL to both very-LDL and LDL particles in exchange for triglyceride. 37 Although the physiological role of CETP remains uncertain, interest in its inhibition has developed because that would substantially raise HDL-C levels and prevent cholesterol enrichment of atherogenic lipoproteins. Supporting evidence for this approach was provided by observations that populations with a high prevalence of low CETP activity appear to be associated with less cardiovascular events, when accompanied by high HDL-C levels 38 and that inhibiting CETP in animal species that endogenously express CETP is atheroprotective. 39- 41 Although early clinical development of CETP inhibitors resulted in favorable effects on both HDL-C and LDL-C levels, the first large-scale clinical trial with torcetrapib was prematurely terminated because of high rates of mortality and cardiovascular events. 42 In parallel, imaging studies had been conducted to evaluate the effects of torcetrapib on disease progression; the ILLUSTRATE (Investigation of Lipid Level Management Using Coronary Ultrasound to Assess Reduction of Atherosclerosis by CETP Inhibition and HDL Elevation) study 43 with used IVUS to compare the effects of torcetrapib 60 mg and placebo on progression of coronary atherosclerosis in patients treated with atorvastatin for a LDL-C goal of 100 mg/dl. Although the torcetrapib group demonstrated a 61% increase in HDL-C and incremental lowering of LDL-C to 70 mg/dl in combination with atorvastatin, no effect was seen in terms of either slowing disease progression or promoting regression. Similar findings were observed in 2 studies that measured carotid intima-medial thickness. 44,45 Subsequent analyses from the IVUS study revealed that as HDL-C levels increased with torcetrapib treatment, disease progression rates declined, with evidence of regression in the patients who achieved very high levels of HDL-C. 46 This finding is important because it suggests an intact capacity of HDL to promote lipid transport and shrink plaque size with torcetrapib treatment and suggests that the adverse effects may reflect a molecule-specific problem. This is further supported by observations that HDL efflux capacity is intact in CETP-deficient and torcetrapib-treated individuals 47 and that torcetrapib has a number of off-target toxicities at the level of both the adrenal gland and artery wall. 48 These observations have permitted the opportunity for ongoing clinical development of other CETP inhibitors that lack such toxicity.
An alternative approach to targeting HDL is to focus primarily on the generation of nascent functional HDL particles. The benefits of HDL infusions have been demonstrated, with no steady state increase in HDL-C levels, suggesting that provision of functional HDL may enhance cholesterol transport. Strategies such as CETP inhibition impair physiologic remodeling pathways, artificially raising HDL-C levels, the implications of which remain uncertain. The ability to upregulate endogenous hepatic synthesis of apoA-I should, theoretically, create nascent HDL particles that would carry out physiological activities, including cholesterol efflux and antiinflammatory functions, once they enter the systemic circulation. Preclinical studies of an apoA-I inducer (RVX-208) reveal increased cholesterol efflux capacity of serum of treated non-human primates. 49 Early studies of statin-treated patients with coronary artery disease demonstrated that administration of RVX-208 resulted in modest increases in HDL-C, predominantly because of increases in the number of larger HDL particles. 50 These observations are consistent with facilitation of cholesterol efflux, the implications of which are being further evaluated in the ASSURE (ApoA-I Synthesis Stimulation and Intravascular Ultrasound for Coronary Atheroma Regression Evaluation) study, in which the ability of RVX-208 to promote atheroma progression in patients with coronary disease is being evaluated with serial IVUS imaging. 51 
Blood Pressure (BP)
BP is the major contributing risk factor to the proliferation of cardiovascular disease worldwide, with evidence of marked clinical benefit with use of BP-lowering therapies in hypertensive patients. 52 However, the effect of BP and its modification on disease progression has been relatively poorly studied. Limited studies have revealed that progression of carotid intima-medial thickening is highly sensitive to BP, with studies that imaged the artery wall suggesting that lowering BP is beneficial. 53 The CAMELOT (Comparison of Amlodipine vs. Enalapril to Limit Occurrences of Thrombosis) study 54 evaluated the effect of amlodipine, enalapril and placebo in patients with established coronary artery disease and BP that was considered to be optimally controlled, defined as a diastolic BP <100 mmHg, on clinical event rates. An IVUS imaging substudy 54 demonstrated that treatment with amlodipine slowed disease progression, in parallel with lower cardiovascular event rates. A direct relationship was observed between achieved levels of systolic BP and disease progression, with a trend towards regression observed in patients with a BP <120 mmHg. 55 The finding of a greater benefit at BPs lower than the current treatment goal of 140 mmHg adds to the controversy of how aggressively to manage BP in patients with established coronary disease. This is being further evaluated in AQUARIUS (Aliskiren Quantitative Atherosclerosis Regression Intravascular Ultrasound Study), 56 in which the effects of the renin inhibitor, aliskerin, on plaque progression is being assessed in patients with BPs in the prehypertensive range. The observation of a greater benefit in patients who achieve aggressive control of both LDL-C and BP supports the need for modification of global risk, rather than focusing on a specific risk factor. 57 
Diabetes
An increasing prevalence of type 2 diabetes, in association with abdominal obesity, is a major factor underlying the global spread of atherosclerotic disease. The adverse prognosis in patients with diabetes is accompanied by greater plaque burden and disease progression, in association with impaired compensatory remodeling of the artery wall. 58 Although aggressive lowering LDL-C is associated with slowing of disease progression, the finding that plaque continues to accumulate emphasizes the need to develop additional therapeutic strategies to reduce cardiovascular risk in diabetic patients. 58 The PERISCOPE (Pioglitazone Effect on Regression of Intravascular Sonographic Coronary Obstruction Prospective Evaluation) study 59 directly compared the effects of glimepiride and pioglitazone in patients with type 2 diabetes. Favorable effects on HDL-C, triglycerides and CRP were associated with halting of disease progression in the pioglitazone group. The observation that lowering the triglyceride/HDL-C ratio was the strongest predictor of slowing progression underscores the importance of atherogenic dyslipidemia in the propagation of coronary disease in diabetes. 60 The incremental benefit of targeting multiple metabolic risk factors further supports the need for aggressive management of cardiovascular risk in patients with diabetes. 61 
Experimental Therapies
Serial plaque imaging provides an additional opportunity to evaluate the effects of novel antiatherosclerotic agents. The ability to determine whether such an agent has a favorable effect on plaque progression can provide important support to either advance or halt clinical development of new therapies. This is particularly important, given the large expense and time required to assess new therapies in large, phase 3 clinical trials. This approach has been used in several programs, where the lack of benefit of acyl:cholesterol acyltransferase inhibitors 62,63 and endocannabinoid receptor antagonists 30 led to cessation of development of these compounds.
Clinical Implications of Plaque Progression Studies
The ultimate relevance of the findings of such studies is determined by the ability to demonstrate an association between measures of plaque burden and clinical outcome. Early studies of cross-sectional images within the left main coronary artery demonstrated that disease progression was associated with the incidence of cardiovascular events during the next 12 months. 64 These findings were extended to volumetric analyses, in which both baseline plaque burden and the rate of progression in serial observations were associated with a greater likelihood of death, myocardial infarction and coronary revascularization. 65 
Novel Measures of Plaque Composition
Increasing interest has focused on the potential role of plaque composition in determining the propensity of plaque to rupture and promote acute ischemic events. Pathologic studies have consistently demonstrated that lesions containing more lipid, inflammation and necrotic material are more vulnerable. 6 Although conventional ultrasonography can characterize both the degree of echogenicity and calcification of plaque, these techniques lack the resolution to monitor therapeutic-induced changes in plaque composition. Recent studies have demonstrated that lesions containing spotty calcification, which has been reported as associated with vulnerability, identify patients that are more likely to undergo disease progression on serial observation. 66 Additional intravascular measures have been developed with the aim of more accurate characterization of plaque composition. Advances in analysis of both radiofrequency signals 67 or integrated backscatter 68 of ultrasound have been reported to distinguish fibrotic, fibrofatty, calcific and necrotic components. Further analysis enables phenotypic categorization of individual lesions, including identification of thin-cap fibroatheromas ( Figure 2 ). Early studies have demonstrated potential benefits of statin therapy 69 and the lipoprotein-associated phospholipase A2 inhibitor, darapladib, 70 on plaque composition. The PROSPECT (Providing Regional Observations to Study Predictors of Events in the Coronary Tree) registry 71 demonstrated that the presence of a thin-cap fibroatheroma identified by radiofrequency analysis was associated with a greater rate of cardiovascular events, when observed in patients with a greater plaque burden. However, a greater need for histologic validation is required, with inconsistent reports in the literature 72 confounding interpretation of these findings. The potential relevance and utility of evaluation of novel therapies remain to be determined.
Near-infrared spectroscopy (NIRS) permits characterization of the chemical components of tissue samples. Advances in catheter techniques enable performance of NIRS imaging within the coronary arteries. 73 Early development of this approach permits quantitation of the lipid content within atherosclerotic plaque. Although early reports that open-label statin therapy reduces the lipid content of plaque, 74 the potential utility of this approach in the evaluation of antiatherosclerotic agents remains uncertain.
Optical coherence tomography (OCT) permits intravascular imaging with light rather than ultrasound, generating greater imaging resolution, but at the expense of reduced tissue penetration. Although the full vessel wall is suboptimally imaged, OCT does enable high-resolution imaging of the lumen surface, with superior characterization of intravascular stents and fibrous cap thickness. 75 Early reports suggested potential evaluation of lipid pools and macrophage deposits beneath the fibrous cap, but this remains to be validated. 75 Accordingly, serial OCT imaging is likely to play an important role in the evaluation of novel stents. The potential utility of OCT in the early evaluation of novel antiatherosclerotic agents is unknown (Figure 3 ).
Non-Invasive Imaging
Although intravascular techniques provides the greatest imaging resolution of the artery wall, each technique requires an invasive catheterization procedure, which limits the potential pool of patients for study and the number of time points for evaluation. There is increasing interest in the potential of emerging non-invasive modalities of imaging atherosclerotic plaque. Computed tomography provides a number of options for evaluation of atherosclerotic plaque. Quantitation of plaque calcification has been consistently reported as associated with cardiovascular risk. 76, 77 However, the utility of these measurements in clinical trials is limited by reports that statins have no effect on progression of the calcification of coronary plaque. 78, 79 Computed tomography illustrates obstructive lesions within the coronary vasculature, with a high negative predictive value in intermediate-risk patients. 80 However, the limited ability to image the full burden of plaque in the vessel wall raises further uncertainty over its potential utility for evaluating new therapies. Fusion imaging with positron emission tomography (PET) enables anatomical location of the plaque with CT and then evaluation of macrophage glucose uptake with PET. 81 The potential to evaluate changes in plaque inflammation with this approach has generated considerable interest. Magnetic resonance imaging enables characterization of plaque burden and composition, with early studies reporting the favorable effects of statins 82 and niacin. 83 However, this technique is limited to imaging larger arteries and at this point in time evaluation of the effect of novel therapies on coronary atherosclerosis is not possible. The ability to combine these non-invasive techniques with molecular targeted agents will enable study of the effects of therapies on specific factors in atherosclerotic plaque that is involved in rupture. 84 This potentially provides incremental information regarding the effect of new therapies.
Summary
Significant advances in arterial wall imaging have expanded our ability to visualize the full extent of atherosclerotic plaque. These studies have affirmed the importance of aggressive targeting of major risk factors in order to slow disease progression and, in some cases, effect regression of atherosclerotic plaque. Ongoing technical advances will provide a greater role for imaging of various aspects of the disease in a range of vascular beds and improve the ability to evaluate novel antiatherosclerotic therapies.
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